Aluminium induced changes in the morphology of the quiescent centre, proximal meristem and growth region of the root of Zea mays  by Bennet, R.J. et al.
Aluminium induced changes in the morphology of the 
quiescent centre, proximal rneristern and growth region 
of the root of Zea mays 
R.J. Bennet, C.M. Breen and M.V. Fey 
Department of Agriculture, Pietermaritzburg; Department of Botany, University of Natal , Pietermaritzburg and 
Department of Soil Science and Agrometeorology, University of Natal, Pietermartizburg 
Treatment of the primary root with 8 mg dm -3 AI altered the 
pattern of cell growth so that with 48-h treatment, the root apex 
was no longer an organized, cytologically heterogeneous complex. 
An increase in mean cell volume was f irst observed with 2-h 
treatment, primarily in the cells of the quiescent centre where cell 
enlargement was associated with the removal of the constraint to 
quiescence by AI and in the mid-cortex 1 -2 mm from the root tip 
where growth stimulation was associated with a departure from 
osmotic equi librium. An initial increase in the osmotic potential of 
the root cell sap arising from AI treatment (1 h) was not maintained 
and subsequent decreases in the osmotic potential coincided with 
changes in the cell growth direction. Stress patterns arising from 
the an isotropic growth response of cortical cells with 20-h root 
exposure to AI were associated with the col lapse of the conducting 
tissue of the stele and disintegration of the outer cells of the root. 
Advanced vacuolation of the cells of the root apex, first observed 
with 5-h treatment, was a feature of Al-stressed roots. Alteration to 
the nuclear structure in cells of the proximal meristem involving the 
degree of chromatin condensation and structure of the nucleolus 
was considered indicative of senescence. 
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Behandeling van die primere wortel met 8 mg dm - 3 AI het die 
patroon van selgroei verander, sodat die wortelpunt na blootstelling 
van 48 h nie meer 'n sitologies-georganiseerde geheel was nie. 'n 
Toename in die gemiddelde selvolume is na blootstelling van 2 h 
waargeneem, hoofsaaklik in die sel le van die rustende gebied, waar 
die vergroting van selle geassosieer is met die opheffing van die 
rustoestand, en in die sentrale korteks, 1 - 2 mm vanaf die 
wortelpunt, waar die aanvangsgroei gestimuleer is deur 'n afwyking 
vanaf osmotiese ewewig. Die aanvanklike verhoging in die 
osmotiese potensiaal van die selsap, as gevolg van die Al-
behandeling (1 h), is nie volgehou nie; die verlaging in osmotiese 
potensiaal het ooreengestem met veranderings in die rigting van 
selgroei. Spanningspatrone wat voortspruit uit die anisotropiese 
groeireaksie van die korteksselle na 20 h se blootstelling van die 
wortel aan AI , is geassosieer met die ineenstorting van die 
geleidingsweefsel van die stele en die disintegrasie van die wortels 
se epidermis. Gevorderde vakuolering van die wortelpuntselle wat vir 
die eerste keer opgemerk is met die 5 h-blootstelling is 'n kenmerk 
van wortels wat aan AI blootgestel is. Veranderings in die 
kernstruktuur van die selle van die proksimale meristeem ten 
opsigte van die graad van chromatienkondensering in die struktuur 
van die nukleolus is beskou as aanduidings van veroudering. 
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Introduction 
Aluminium (AI) toxicity has been widely associated with a 
decline in mitotic activity (Clarkson 1965; Morimura et a/. 
1978; Horst et a/. 1983) and to gross morphological 
disturbances in the root apex (Hecht-Buchholz 1983; Bennet 
eta/. 1985a), and Fleming & Foy (1968) have intimated that 
varietal differences in the response of wheat cultivars to AI 
may directly reflect the resistance of the meristem to damage. 
Very little is known of the cellular changes occurring in Al-
stressed roots, and Al-uptake studies (Bennet et a/. 1985a) have 
failed to demonstrate the presence of AI in many of the tissues 
affected until some time after the response has been detected. 
Communication between the point of injury and the root 
meristem has consequently been suggested (Bennet et a/. 
1985b). 
An increasingly animated view of root function has implied 
that the root meristem should not be considered as a single 
meristem, but rather as a number of discrete cell populations, 
not all of which are meristematic (Ellmore 1982). Co-ordi-
nation of function of the root is nevertheless dependent on 
the integration of activities between these cell populations. It 
was, therefore, the aim of this investigation to examine the 
changes brought about in the cells of the quiescent centre 
(Clowes 1956), proximal meristem (Feldman & Torrey 1975) 
and primary growth region (Luxova 1981) through treatment 
of the root with AI. 
Materials and Method 
Plant growth conditions 
Pre-germinated seed of Zea mays L., cv. TX 24 was planted 
in 25-1 plastic buckets (1 ,08 I/ plant) containing the following 
nutrient solution (mg dm - 3) at pH 4,6: N 36; P 3; K 40; 
Ca 40; Mg 10; S 14; Na 1,5; Mn 0,11; Zn 0,05; Cu 0,02; 
Fe 5,5; Mo 0,03; B 1,9. Solution pH was not adjusted during 
the course of the experiment. Nitrogen was provided as NHt 
and N03 in a molar ratio of 1: 1. Sulphur was supplied as 
SO~- . Fe was present as Fe CDT A. Artificial light was 
supplied to give a 14 h light 10 h dark regime with alternating 
temperatures of 28:23°C. The light source was Grolux W.S. * 
(731,3 W m - 2) and incandescent (113,4 W m - 2) to give a 
light intensity of 300 f..lE m- 2s- 1 at plant height. 
Experiment I 
Plants were grown with continuous aeration for seven days. 
Al2(S04)3 solution was added in advance of harvesting to give 
0, 2, 5, 6,5, 20 and 48-h root exposure to 8 mg dm - 3 AI 
in solution. Root tips from each treatment were fixed in 6% 
glutaraldehyde in 0,05 M sodium cacodylate buffer at pH 7 ,2, 
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Figure 1 Micrographs of longitudinal sections of the primary root treated with 8 mg dm- 3 AI to illustrate the progressive cellular disorganization 
of the root apex associated with AI treatment. A. Control, no AI added. Note absence of cellular distortion (S - stele). B. 6,5-h treatment time. 
Cell enlargement (arrowed) is first evident in the cortex (S - stele). C. 20-h treatment time. Cell enlargement, notably in the mid-cortical cells 
(arrowed) has resulted in the disintegration of the outer root shape. D. 48-h treatment time. Complete disruption of the cells of the root apex 
is now clearly evident (S - stele). Magnification x 60 
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with post fixation (2 h) in 20Jo Os04 in 0,05 M sodium 
cacodylate buffer (Hayat I98Ia). Fixed material was dehy-
drated in graded alcohol, treated with propylene oxide and 
embedded in Epon/ Araldite resin. Sections for light micro-
scope viewing were stained in methylene blue. Ultra-thin (gold) 
sections for transmission electron microscopy were stained in 
uranyl acetate and lead citrate (Hayat I98Ib). 
Micrographs of longitudinal sections taken to include the 
central cylinder were prepared for the apical 2 mm of the 
primary root, projected for additional magnification and 
analysed in 0,5-mm segments to cover the following cell 
populations: 
(i) Epidermis, 
(ii) outer cortex, cell file 2, 
(iii) mid-cortex, cell file 5, and 
(iv) quiescent centre. 
Procedures for the measurement of cell dimensions and the 
calculation of cell volumes have been described by Barlow 
(1974). 
Micrographs of transverse sections I ,5 mm from the root 
tip were also prepared to assess the effect of cell enlargement 
on the structure of the stele. 
Experiment II 
Plants were grown for a total of six days, with Alz(S04h 
solution added in advance of harvesting to give 0, I, 5, I2 
and 20-h root exposure to 8 mg dm- 3 Al. Sixty-nine plants 
were sampled from each treatment. Roots of plants were 
rinsed in de-ionised water. The sap was expressed from the 
distal 20 mm of the primary root and immediately frozen in 
solid carbon dioxide (dry ice). Sap was thawed, centrifuged 
and the osmolality determined with the minimum delay on 
a Westcor Vapor Pressure Osmometer.* 
Statistical treatment of results 
The availability of plant material was a limitation to the 
number of measurements made during these experiments. 
Because of the importance attached to the interpretation of 
changes in osmotic potential (Experiment II), this experiment 
was repeated to provide a second set of results. Ranges are 
given for these measurements. 
Changes in cell volume were considered to be so massive 
(Experiment I) that the frequency of measurements was limited 
to the number of cells found within the defined cell popula-
tions of single roots sampled from each treatment. 
Results 
Experiment I 
Morphological changes in the root apex 
Severe cellular disorganization of the root apex was associated 
with treatment of the primary root with Al (Figures I & 2) 
so that with prolonged treatment (48 h), complete disruption 
of the organized, cytologically heterogeneous root apex 
occurred (Figure 1D). Aluminium treatment caused a rapid 
alteration in the size of the cells of the root apex. Analysis 
of the relative extent of these changes with time for the 
different cell populations (Figure 3) indicated that increased 
cell volume was most notable in the cells of the mid-cortex 
I mm- 2 mm from the root tip. Cell volume changes were 
associated with alterations in the growth directions of these 
cells (Figure 4) and resulted in: 
Increased root thickness evident with 6,5-h exposure to Al 
(Figures 1 & 2), 
inward pressure on the stele which is indicated by distortion 
of the longitudinal walls of immature metaxylem vessels (6,5 h) 
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(Figure 2B) and 
progressive collapse of metaxylem vessels of the stele with 
longer exposure times (Figures 2C & 2D). 
Disintegration of the epidermis (20 h) was associated with 
pressure directed towards the root exterior (Figures IC, ID 
& 2C, 2D) through cellular expansion of the mid-cortex. 
A conspicuous effect of AI involved the cells of the 
quiescent centre, where increased mean cell volume was 
evident with 2-h treatment. It was considered pertinent that 
during the first 5 h of the experiment, the rate of cell enlarge-
ment recorded in the quiescent centre substantially exceeded 
that shown by neighbouring cell populations. This pattern was 
not maintained and a decline in growth of quiescent centre 
cells (6,5 h) coincided with progressive disorganization of the 
root apex. No measurement of quiescent centre cells was 
possible with 20-h treatment. Little attention was given to the 
remaining cell populations since the initial growth of the outer 
cortical cells associated with short-term Al exposure was not 
maintained during the course of the experiment, and changes 
in the size of epidermal cells were comparatively modest. 
Ultrastructure of the proximal meristem 
Ultrastructural features of roots treated with Al (Figure 5) 
included, progressive vacuolation of the cells of the proximal 
meristem observed with 5-h treatment (Figure 5A), an almost 
total disappearance of dense chromatin from interphase nuclei 
(20 h) (Figure 5C) and improved definition of areas of the 
nucleolus, which was also found to become progressively 
granular with an increase in the frequency and size of nucleo-
lar vacuoles. The nuclear membranes remained intact, at least 
during the first 20 h of the experiment. 
Experiment II 
Osmotic potential of the cells of the root apex 
Aluminium treatment resulted in an initial (1 h) increase in 
the osmotic potential of expressed cell sap. This was followed 
(5 h) by a sharp decline, and subsequent treatments which 
involved longer times were connected to a continued decrease 
in osmotic potential (Figure 6). 
Discussion 
Within the context of the root meristem, development should 
be seen to include cell division, cell growth and differentiation 
(O'Brien 1982). It is, however, clear from these experiments 
that the influence of Al extends beyond the well documented 
inhibitory effect on cell division (Clarkson I965; Morimura 
eta/. I978; Horst eta/. I983), and that Al-induced changes 
in the pattern of cell growth and differentiation may include 
some of the most impressive plant responses to toxic levels 
of Al. 
Many of the cellular changes which have been identified 
in the root apex may not coincide with the presence of Al 
in the tissues involved (Bennet et a/. 1985a & b), which 
confirms the complexity of plant reaction to Al and indicates 
that the physiology of Al toxicity may involve several responses 
occurring at different rates and at different levels of scale. 
The quiescent centre 
The cells of the quiescent centre have become characterized 
by low levels of activity, judged largely by criteria associated 
with cell division (Clowes 1972) and the incorporation of 
radioactive materials (Barlow 1974). The autonomy of the 
quiescent centre has nevertheless been explicitly demonstrated 
through the in vitro culture of well organized roots of normal 
morphology from isolated quiescent centres (Feldman & 
Torrey I976). 
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Figure 2 Micrographs of transverse sections of the primary root cut I ,5 mm from the root tip after treatment with 8 mg dm - 3 AI to demonstrate 
the effect of Al-induced cell enlargement on the stele and outer root shape. A. Control, no AI added . Many cells contain nuclei and are non-
vacuolate. B. 6,5-h treatment time. Cells of the cortex are vacuolated and distortion of the walls of the immature metaxylem (MX) vessels is 
evident. C. 20-h treatment time. Anisotropic growth response of mid-cortical cells (unlabelled arrows) and collapse of metaxylem (MX) vessels 
is clearly evident. D. 48-h treatment time. Disruption of the stele (S) and disintegration of the outer root cells through expansion of mid-cortical 
cells (unlabelled arrow) is clearly evident. Magnification x 100 
The universal occurrence of quiescent centres in the roots 
of angiosperm plants (Clowes 1984) may underlie a funda-
mental role in root physiology which remains to be explored. 
Published research on the quiescent centre has indicated 
possible functional involvement in regulating intercellular 
relationships with the proximal meristem (Feldman 1976), the 
development of primary vascular tissue (Feldman & Torrey 
1975) and, less clearly, as a site of cytokinin synthesis (Barlow 
1978; Feldman 1979). 
The mechanism through which quiescence is imposed on 
these cells is a highly controversial question (Torrey 1972; 
Barlow 1974; Clowes 1975, 1984). It is, however, relevant that 
the constraint leading to quiescence does not in itself prevent 
the quiescent centre from re-assuming a meristematic function 
(Feldman & Torrey 1976) and there are numerous studies 
involving surgical manipulation of the cell populations of the 
root apex which attempt to define the forces creating the 
quiescent state (Barlow 1974; Feldman 1976; Feldman & 
Torrey 1976). These procedures inevitably affect many features 
of the integrated system of the root apex and questions 
concerning cellular interactions remain largely unresolved. 
The rapid increase in the size of the cells of the quiescent 
centre of Al-stressed roots is therefore of considerable interest, 
since this change coincides with an alteration in the function 
of the quiescent centre suggested by a decline in metabolic 
activity following Al treatment which we reported in a pre-
vious paper (Bennet et a!. 1985b). Similar changes are not 
shown by either the distal or proximal meristem with short-
term Al exposure and it may therefore be argued that Al 
treatment has acted through the removal of the constraint 
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Figure 3 Relative (OJo of control) changes in mean cell volume with 
different Al exposure times recorded for the apical 2,0 mm of the 
primary root covering cell populations of the quiescent centre, epidermis, 
outer cortex (file 2) and mid-cortex (file 5) following Al treatment. Note 
the preferential cell growth initially recorded in the quiescent centre and 
cortex 1,0 - 2,0 mm from the root tip. With longer treatment times 
enlargement is essentially a feature of the mid-cortex. 
imposing quiescence. According to Barlow (1974), exc!Slon 
of the root cap produces a similar result. In our experiments, 
the root cap remained intact and metabolically active for some 
hours after A1 treatment (Bennet et at. 1985b). These 
observations suggest, therefore, that the root cap may repre-
sent the source of chemical control of quiescence imposed on 
the cells of the quiescent centre. The nature of such control 
is presently unknown, but it is clearly influenced by toxic levels 
of AI and removal of the root cap. Previous studies on AI 
toxicity (Bennet et at. 1985b) have attached considerable 
emphasis to Golgi apparatus function in the peripheral cap 
cells as a primary site of AI action. It is therefore conceivable 
that the Golgi apparatus function is involved in imposing 
quiescence on the cells of the quiescent centre. Re-establish-
ment of a quiescent state during cap regeneration in decapped 
roots may therefore be allied to the resumption of this activity 
rather than to the presence of physical constraints associated 
with cap regeneration (Barlow 1974). 
Aluminium initiated growth response of cortical cells 
These experiments have demonstrated a strong element of 
growth stimulation arising from AI treatment and occurring 
notably in the cortical cells 1 mm- 2 mm from the root tip. 
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This coincides with the region of the root associated with 
cellular changes initiated by gravistimulation (Shen-Miller et 
at. 1978). 
An increase in cell volume may be expected to depend 
heavily on the uptake of water (Steward 1969; O'Brien 1982). 
In AI-stressed roots, the short-term increase in osmotic 
potential of the expressed sap may indicate that the inflow 
of water is initiated by a rapid departure from osmotic equi-
librium. It is, however, pertinent that continued growth of 
mid-cortical cells which occurred over the entire course of our 
experiment could only be maintained against the subsequent 
decline in osmotic potential by a change in pressure potential. 
Initially, decreased pressure potential may involve alterations 
in cell wall structure (Ray & Green 1972; Green 1980), which 
is supported by the change in growth direction shown with 
time in these cells. Furthermore, it is considered significant 
to this argument that the timing of the change in growth 
direction coincided with a decline in osmotic potential. 
Growth stimulation of the mid-cortical cells is of such great 
magnitude that stresses directed towards the stele result in the 
collapse of the primary vascular tissue, while the continued 
requirement for reductions in pressure potential to accommo-
date further growth may ultimately involve the disintegration 
of the outer root cells. 
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Figure 4 Alteration in the growth direction (cell breadth/cell length) 
of the outer (file 2) and mid-cortical (file 5) cells of the primary root 
associated with Al induced cell enlargement. Preferential increase in 
cell breadth evident in mid-cortex is indicative of alterations in wall 
structure to accommodate changes in pressure potential. 
360 S.-Afr. Tydskr. Plantk ., 1985 , 51 (5) 
Figure 5 Electron micrographs of cells of the proximal meristem adjacent to the cap junction showing the effects of AI treatment. A. Cortical 
cells showing the highly vacuolated (V) nature of these cells following 6,5-h AI treatment. Formation of cytoplasmic vacuoles clearly precedes 
changes in the structure of the nucleus/ nucleolus not yet evident in these cells. B. Nucleus/ nucleolus (NU) of the control. Dense (DC), diffuse 
(DIC) chromatin. Cell located in outer cortex behind cap. C. Nucleus/ nucleolus, 20-h treatment time, note the presence of large well defined 
nucleolar vacuoles (NV) and the appearance of intensely granular areas (unlabelled arrows) in the nucleolus. Cell location similar to 5B. D. Nucleus 
(N) of the control. The distribution of dense/ diffuse chromatin and the appearance of the nucleolus is characteristic of outer cortical cells of 
the proximal meristem. E. Nucleus (N) following 20-h exposure to AI. The disappearance of dense chromatin and the vacuolated nature of the 
nucleolus are characteristic and may be indicative of senescence. Cell location similar to 50. 
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Figure 6 Al-induced changes in the osmotic potential of cell sap 
expressed from the distal 20 mm of the primary root. Vertical scale 
lines represent the ranges for two experiments. 
The mechanism of cell growth stimulation in Al-stressed 
roots is presently unknown. It is, however, relevant to this 
concept that progressive vacuolation is a feature of the cells 
of Al-stressed roots, as one of the fundamental functions 
which has been assigned to the vacuole is storing water taken 
up during growth (Green 1969; O'Brien 1982). 
Aluminium toxicity and nuclear structure in the 
proximal meristem 
These experiments do not indicate rapid structural or 
functional changes in the nuclei of meristematic cells which 
could be associated with the reported decline in mitotic activity 
(Clarkson 1965) following AI treatment. 
Nuclear changes were seen to involve a decrease in chro-
matin condensation of the nucleus and an increase in size and 
frequency of vacuoles in the nucleoli. Both these ultrastruc-
tural features have been considered as possible indicators of 
increased nuclear activity involving RNA synthesis (Barlow 
1970; Jordan et a/. 1980). However, this conclusion is not 
compatible with the established decline in metabolic activity 
of the proximal meristem (Bennet et al. 1985b) and it is 
suggested that ultra-structural features of Al-stressed nuclei 
observed with extended exposure are indicative of senescence. 
In support of this hypothesis, Hyde (1967) has intimated that 
the large nucleoli of active cells may have their basic synthetic 
machinery obscured by the products of synthesis. Differences 
in the capacity of fixatives to define ultrastructural features 
of nucleoli may therefore relate to the extraction of protein 
during fixation, which sharpens and clarifies the structure. 
It is, therefore, conceivable that the increasingly vacuolated 
and granular appearance of the nucleoli of Al-stressed cells 
of the proximal meristem may reflect an inhibition of func-
tion, which produces a similar ultrastructural response through 
progressively reducing the products of synthesis present in the 
nucleolus. 
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